There is wide diversity in the animals that dive to depth and in the distribution of their body oxygen stores. A hallmark of animals diving to depth is a substantial elevation of muscle myoglobin concentration. In deep divers, more than 80% of the oxygen store is in the blood and muscles. How these oxygen stores are managed, particularly within muscle, is unclear. The aerobic endurance of four species has now been measured. These measurements provide a standard for other species in which the limits cannot be measured. Diving to depth requires several adaptations to the effects of pressure. In mammals, one adaptation is lung collapse at shallow depths, which limits absorption of nitrogen. Blood N 2 levels remain below the threshold for decompression sickness. No such adaptive model is known for birds. There appear to be two diving strategies used by animals that dive to depth. Seals, for example, seldom rely on anaerobic metabolism. Birds, on the other hand, frequently rely on anaerobic metabolism to exploit prey-rich depths otherwise unavailable to them.
INTRODUCTION
In the past 10 years, there has been an explosion of information about the diving traits of some aquatic animals, especially penguins, seals, and sea lions. We now know that some seals will dive to depths of nearly 1600 m (1) and that emperor penguins, Aptenodytes forsteri, occasionally reach depths of nearly 550 m (2) . The deepest dives are not necessarily the longest, and the record 22 min submersion for the emperor penguin (G Robertson, unpublished observations) and 120 min for the elephant seal, Mirounga leonina (3), were both well below their record depths. These rare observations represent the results of tens of thousands of recorded dives. The reasons and physiology of such diving extremes are not understood.
Equally important as the extremes are what these animals routinely do. The best examples for comparative purposes are elephant seals, Weddell seals (Leptonychotes weddellii), and emperor penguins. Weddell seals, although capable of a maximum dive of at least 82 min (4), usually dive for 10 to 20 min when hunting at depths of 50 to 600 m (5) . Elephant seal diving durations last about 20 to 30 min while feeding at depths between 200 and 800 m (3). Emperor penguins hunt for about 2 to 10 min between depths of 50 and 500 m (2) .
In this paper, we address the magnitude and distribution of oxygen stores of different divers, the utilization of those stores, and the effects of pressure. Recently, Butler & Jones (6) gave an excellent, extensive review of the physiological responses to breath-holding. However, little was mentioned about the responses of diving to depth and the possible physiological and anatomical adaptations to pressure. Yet, pressure is perhaps as powerful a variable affecting the dive as the submersion and the prerequisite breath-hold. Little is known about pressure because it is such a difficult variable to incorporate into experiments.
Oxygen Stores
An increased total body O 2 store has long been considered an essential factor in the breath-hold capacity of diving birds and mammals. The distribution of O 2 among the respiratory, blood, and muscle compartments is dependent on diving lung volume, blood volume, hemoglobin concentration, myoglobin concentration, and muscle mass. These parameters and calculated O 2 stores are reviewed for both shallow-and deep-diving penguins, pinnipeds, and cetaceans in Tables 1 and 2 . Few diving lung volumes and end-of-dive O 2 contents have been measured in species that dive to depth (7) (8) (9) . It is also debated whether cetaceans, especially large whales, dive at full or partial lung capacity (10) . Nonetheless, available data reveal that the respiratory O 2 compartment decreases in magnitude in deep divers. Presumably, this decreases the amount of nitrogen as well as oxygen absorption at depth, and minimizes the associated risks of decompression sickness and nitrogen narcosis. Eighty to 90% of O 2 stores are concentrated in the blood and muscle of these deep divers (Table 2) . This is a result of significant increases in blood volume, cell volume, and hemoglobin concentration, as well as myoglobin content. In the emperor penguin, it is primarily a result of an increased myoglobin concentration in the swimming muscles. In fact, the swimming muscles alone contain 19% more O 2 than the entire blood volume of the emperor penguin. The O 2 storage capacity of the high myoglobin concentrations in seals was demonstrated by Scholander and co-workers in 1942 (11) . Since that time, the myoglobin concentration in the muscles of numerous types of divers has been measured. It is now clear that one of the most consistent hallmarks of oxygen storage in all birds and mammals that dive to depth is an elevated myoglobin concentration (6, 12) . This trait is more characteristic of deep divers than any changes in blood volume, hemoglobin concentration, or respiratory volumes. Muscle myoglobin concentrations increase proportionately with diving capacities and are highest in penguins, pinnipeds, and cetaceans. Intermediate concentrations are found in shallow-diving, short-duration divers such as manatees, muskrats, beavers, and dabbling ducks. It is notable that myoglobin concentrations are usually higher in primary locomotory muscles (13) (14) (15) .
Management of Oxygen Stores
Oxygen store calculations are based on assumptions that require further evaluation. The magnitude of the blood O 2 store is dependent on the arterial/venous blood volume distribution and on the degree of hemoglobin desaturation during diving. The distribution of blood between the large spleens (16) (17) (18) and equally capacious hepatic sinuses and abdominal vasculature (19) (20) (21) of phocid seals potentially affects both of these parameters. Although the spleen of Weddell seals expands rapidly after isolated dives (17) , it does not change fast enough to significantly affect hematocrit during repetitive, foraging dives when surface intervals are 2-4 min (17, 22, 23) . In addition, the O 2 saturation status of the splenic effluent is not known. Even if the spleen concentrates fully saturated red cells during each surface period, under current assumptions regarding arterial extraction and venous O 2 depletion during diving, there is not a significant increase in the calculated blood O 2 store (18) .
There have also been few studies of the degree of blood O 2 store depletion during diving. A single arterial PO 2 sample prior to the end of a 27-min dive of a Weddell seal corresponded to a 28% hemoglobin saturation (23, 24) . End-tidal PO 2 values during the first post-dive breaths of a free-diving Weddell seal were 3.06 kPa (23 torr) to 1.7 kPa (13 torr) after dives of 21 to 32 min (25) . These correspond to a hemoglobin saturation of no less than 45 to 20%, respectively, assuming a normal pH. Actual arterial PO 2 is probably lower because of the usual difference in arterial-alveolar oxygen tensions. For seals, these data justify the use of the 20% end-arterial saturation used in O 2 store calculations. A similar assumption for sea lions, cetaceans, and birds is less certain.
The diving durations during which O 2 stores allow metabolism to be primarily aerobic have been assessed by the measurement of post-dive blood lactate concentrations ( Figure 1 ). This is based on Scholander et al's findings (11) that significant muscle lactate accumulation does not occur until the muscle O 2 store is depleted. The aerobic dive limit (ADL), defined as the diving duration beyond which blood lactate concentration increases above resting levels (26), was first measured in adult and juvenile Weddell seals (27, 28) . It is the diving duration beyond which there is a net increase in lactate production. ADLs have now also been measured in Weddell seal pups; Baikal seals, Phoca sibirica; California sea lions, Zalophus californianus; and emperor penguins (29) (30) (31) (32) . We consider this post-dive lactate accumulation secondary to localized O 2 store depletion and glycolysis in some tissue in the body, most likely in the propulsive muscles. It is important to emphasize that the ADL does not imply exhaustion of all O 2 stores for that dive duration. The rates and magnitude of O 2 store Figure 1 Post-dive blood lactate concentrations and diving durations of the emperor penguin, Baikal seal, and Weddell seal. Lactate concentrations are from whole blood of Weddell seals and emperor penguins (27, 32) and from plasma of Baikal seals (30) . depletion and lactate production at known tissue site(s) require further research in free-diving animals.
In adult Weddell seals and in Baikal seals, the measured ADL ( Figure 1 ) can be predicted by dividing the body O 2 stores by the average diving metabolic rate (25, 27, 32) . This metabolic rate is the so-called event metabolic rate, i.e. total O 2 consumed during the surface interval (surface interval duration + dive duration) (4) . A calculated ADL has been applied to many species in the analysis of diving durations at sea (6, 29, 33) . Although this is useful to the ecologist or behaviorist in the evaluation of foraging theory, there are inaccuracies because only estimates of diving metabolic rate and O 2 stores are available in many species. We also question whether doubly-labeled water-determined metabolic rates of entire foraging trips to sea represent accurate estimations of diving metabolic rate. Such estimations have led to a recent calculation of a 10-min ADL in southern elephant seals (33) . We consider this value highly improbable, as did the authors who were testing a null hypothesis that calculated ADLs can result in close approximations of the measured value. Although they rejected the hypothesis, it may have been for unwarranted reasons. The oxygen consumption rate used was four times resting, which is almost equivalent, on a relative basis, to that of a Tour de France cyclist (34) . It is near the upper limit of sustained metabolic scope (34) . It is also at least twice the measured diving oxygen consumption of a Weddell seal (4, 25) . Underwater observations of seals, sea lions, and penguins suggest to us that diving animals do not work at high oxygen consumption rates. It is also necessary to emphasize that although this ADL calculation may predict the onset of increased post-dive lactate concentration, it does not imply that all O 2 stores are depleted at that time, nor that the event metabolic rate is the actual O 2 store depletion rate during the diving period. Moreover, event metabolic rates vary within a species. Those measured in Weddell seals correlate inversely with dive duration, are often highest during very short, possibly recovery dives after long dives, and are higher in foraging dives than in exploratory dives (4, 25) .
Two especially important factors controlling the duration of a dive are the oxygen store depletion rates and the lowest tolerable level of the blood oxygen store. Only a few arterial O 2 depletion rates are available from isolated dives of Weddell seals (24) . Venous O 2 store depletion and myoglobin desaturation in the primary locomotory muscles have not been examined. The kidneys, splanchnic organs, and heart account for about 40% of resting oxygen consumption. Metabolic rate of the heart is directly related to heart rate, and renal and hepatic O 2 consumption are perfusion dependent. Therefore, primary determinants of the rate of blood O 2 store depletion should be changes in heart rate and accompanying changes in renal and splanchnic blood flow. Recent advances in technology have allowed examination of some of these factors. The bradycardia during dives to depth is variable, may be as extreme as bradycardia during forced submersions, and is probably dependent on the nature of the dive (31, (35) (36) (37) (38) (39) (40) (41) (42) . During repetitive foraging dives of Weddell seals, hepatic and renal clearances are maintained (36), whereas in prolonged or stress dives, they are reduced (36, 43) .
The degree of muscle perfusion during diving also strongly affects both the blood and muscle O 2 stores. The desaturation rate of myoglobin is dependent on the level of muscle perfusion during diving and on the energy demands of muscle, which vary between locomotory and nonlocomotory muscle. These factors make both the measurement and interpretation of such data complex (44) . Metabolic rate in the primary locomotory muscles is indirectly dependent on swim speed and directly dependent on flipper or fluke stroke effort: stroke frequency and amplitude. Even though swim velocity remains constant, stroke effort may decrease significantly during descent in deep dives secondary to changes in buoyancy with depth. Measurement of blood flow in exercising muscles during shallow submersions of tufted ducks showed an elevation in perfusion over resting levels (45) . However, similar measurements in animals diving to depth have been an elusive goal not yet attained.
Several significant observations on muscle energy metabolism have been made in a magnetic resonance study of Pekin ducks, Anas platyrhynchos (46) . These findings included (a) no reduction in resting muscle ATP turnover rate during forced submersion, (b) partial maintenance of muscle ATP turnover rate by a reduction in creatine phosphate concentration, and (c) an increase in lactate concentration sufficient to maintain ATP turnover rates. Although ion channel arrest and a reduction in glycolytic rate (reversed Pasteur effect) have been postulated as mechanisms of tissue hypometabolism in diving animals (43, 47) , and occur to some degree in anoxic turtle brain and liver preparations (48, 49), these processes are not apparent in muscle of the Pekin duck.
The contribution of creatine phosphate to muscle energy metabolism is relevant to the original arguments for tissue hypometabolism made by Scholander et al (11) . In their examination of muscle oxygen consumption and lactate production during forced submersions of harbor seals, Phoca vitulina, hypometabolism appeared to occur during the second 5-min interval of the submersion. In this 5-min period when the oxygen store was depleted and significant lactate production began, there was almost a 50% decrease in metabolic rate (based on measured oxygen depletion and lactate accumulation). In terms of ATP turnover, it was 1.3 mmol ATP kg −1 muscle min −1 or about 6.5 mmol kg −1 muscle over 5 min. However, if creatine phosphate breakdown contributes to ATP synthesis during that interval, there need be no shortfall in ATP turnover rate. Because creatine phosphate concentration is 15-20 mmol kg −1 in mammals, the concentration of creatine phosphate need only decrease by one third in order to maintain a constant metabolic rate. Thus there appears to be no biochemical evidence for muscle hypometabolism during forced submersions of either birds or mammals. It should be noted that those authors were aware of creatine phosphate's potential contribution; however, they did not consider it in their calculations because of a lack of available data at that time (50).
Body temperature may also affect oxygen store utilization. Metabolic rate reduction may be either a result or a cause of changes in temperature. Decreased body temperatures during forced submersions of harbor seals were originally attributed to about a 50% reduction in resting metabolic rate (50). However, in their calculation, it was assumed that 200-ml O 2 min −1 = 10 kcal min −1 , but 200-ml O 2 min −1 = 0.96 kcal min −1 (51), not 10 kcal min −1 . Correction of this factor results in a required 400-ml O 2 min −1 metabolic rate reduction in a seal with a 200-ml O 2 min −1 resting/presubmersion metabolic rate. Although severe bradycardia and organ hypoperfusion may decrease metabolic rate during the forced submersion, such a large change is unlikely, if not impossible. Therefore, hypometabolism alone cannot account for such large and rapid temperature declines. Other mechanisms must be sought. Body temperatures are a complex result of heat production, heat conduction, and peripheral heat loss. Vascular adaptations may play a significant role in thermoregulation (52). The recording of body temperature changes during diving is just now beginning. The role of metabolic rate, cold prey ingestion, insulation, alterations in peripheral heat loss mechanisms, and high convective losses during swimming will require thorough investigation before the mechanisms and effects of such temperature changes are understood.
Effects of Pressure
Much has been learned about the behavioral traits of divers in the past 10 years. However, little new information has been reported about the effects of pressure on diving birds and mammals during this same period of time. The physiological state of animals at depth will remain a mystery until new kinds of instrumentation become available to the field physiologist.
There are several possible adverse effects of diving to depth. Four of the most notable are (a) mechanical distortion or compression of tissues, especially gasfilled spaces; (b) higher gas tensions in the lung that result in increased gas absorption into tissues; (c) dissolved gas tensions that may be higher than ambient pressure during ascent, which results in the potential for gas bubble formation in blood and tissues; and (d ) at depth the diver is a long way from its most precious resource, oxygen.
Distortion of the chest requires flexibility in the bones and tissue of the chest to prevent pressure differentials with the resulting rupturing of membranes. Concomitantly with the compression of the air space, the lung gas tensions rise and are more readily absorbed into the blood and into the blood-perfused tissues. The inability to compensate for these effects may result in nitrogen narcosis if the blood and tissue nitrogen tensions become too high. The mechanical compression of nervous tissue can cause a condition called high-pressure nervous syndrome that is manifested in humans and other non-aquatic animals at depth equivalents of about 150 m (53-55) if the rate of descent is about 100 m min −1 , the equivalent rate of a marine diver. This is not of much concern for many species of divers that do not descend to such great depths. However, for those species that commonly dive into this region, we might surmise that the structure of the nervous system has modifications adapted for a life exposed to such high pressure.
Lungs are a liability for deep divers because, in contrast to the muscle and blood discussed above, they are a better nitrogen store than oxygen store. Perhaps this is one of the reasons the lungs of marine mammals are the most structurally modified of any mammalian group (56, 57). Volume pressure curves of the chest wall and lung of the ribbon seal, Phoca fasciata, show that both are nearly limitless in the degree of compression collapse they can tolerate (58). This must be so for other diving mammals as well, but there are few observations to verify this. Compressibility of the chest and lungs has been qualitatively or quantitatively shown also for dolphins (58-60) and for other seals and sea lions (9, 61, 62) .
The toothed whales, especially small dolphins, show the most extreme modifications within the lung among marine mammals, or any other mammal. The most notable examples are the reinforcement of peripheral airways, the loss of respiratory bronchioles, and the presence of a series of bronchial sphincters (56). Sea lions also have robust cartilaginous airway reinforcement extending to the alveolar sac, but there are no bronchial sphincters. In seals, the terminal airway is fortified by connective tissue and smooth muscle but not cartilage (56).
It has been proposed that the pinniped and cetacean airways enable a graded collapse of the lung to occur during a dive to depth. The result is that most of the lung air is forced into the upper airways where gas exchange with the blood is blunted (7, 63) . Radiographic evidence in Weddell seals during forced submersion and compression to 300 m supports this hypothesis (9) . Other functions are also possible. The exceptional shortening and thickness of peripheral airways in sea lions and dolphins may meet the more pedestrian need of moving air out of the lung at high rates so that the animal may catch a breath within the short interval when it passes through the air/water interface at high speed (59, 64).
In the Weddell seal and the California sea lion, the measured total lung capacity is about twice the diving lung volume (62, 65) . From Table 1 it is inferred that some, if not all, pinnipeds dive with a lung volume well below capacity. Nevertheless, because of the depth and duration of dives, blood and tissue PN 2 could rise substantially if no airway structural adaptations existed. How low PN 2 actually remains during a deep dive was shown in several experiments.
The most extreme case was the forcible submersion in a compression chamber of elephant seals and a Weddell seal (7) . Because N 2 tension in blood and tissue is dependent upon the distribution of circulating blood, in addition to depth and duration of the dive, the restricted blood flow during forced submersion would concentrate the N 2 absorbed in the lungs and raise the PaN 2 to the highest possible level. Under these conditions, the PaN 2 of elephant seals peaked at 300 kPa and equilibrated to 200 kPa, where it was approximately the same as venous PN 2 (7). This was independent of the ambient pressure from 37 to 138 m (1480 kPa). Similar values were obtained for Weddell seals diving voluntarily to depths as great as 230 m (2400 kPa) (61). The PaN 2 never exceeded 323 kPa. These modest increases in PaN 2 indicate that lung collapse in both species occurred between 20 and 50 m. The early occurrence of lung collapse in seals makes the lung almost useless as an O 2 store, whereas it limits N 2 absorption during the dive. Furthermore, the muscle tissue PN 2 measurements in bottlenose dolphins, Tursiops truncatus, diving to depths of 100 m never rose above 213 kPa. It was concluded that lung collapse probably occurred at about 70 m (66). All these reported N 2 values are below the minimum PN 2 of 330 kPa found to be necessary for bubble formation in cats (67) .
Adelie penguins, Pygoscelis adeliae, and gentoo penguins, P. papua, dive with a large gas store that in relation to body mass is five to six times that of a diving seal (8) . During simulated dives to 68 m (8), blood N 2 tensions in Adelie penguins were slightly higher than those measured in elephant seals. These levels are not dangerously high, and natural diving durations are shorter than were those experimental dives. Therefore, the shortness and shallowness of dives in these species would seem to prevent high blood PN 2 (8) .
However, during routine deep dives of emperor and king penguins, ambient pressures may reach 3000 to 5000 kPa. During such a deep dive to 450 m by an emperor penguin, for example, the total time below 100 m is about 8.5 min. This weakens the premise, at least for king and emperor penguins, that the main protection of diving birds is short, shallow dives (8) . Furthermore, the ascent rates from deep dives may exceed 100 m/min. This is probably too fast to allow for adequate N 2 elimination if much had been absorbed earlier in the dive.
If tissue nitrogen uptake is simply the result of the differential between ambient and tissue partial pressures, it is possible to show by traditional decompression theory that tissue nitrogen pressures could become a serious liability during serial dives to depth (68) . Although the long recoveries after extended deep dives of emperor penguins are more likely driven by a metabolic acidosis resulting from a substantial O 2 debt, an additional value is that the bird remains at or near the surface. During that time absorbed nitrogen might wash out through the lungs without injuring the bird. Also, any shallow dives within the interval before the next deep dive might act as decompression stops and reduce the decompression risk as long as the tissue N 2 remains in solution (68, 69) . Like the mysteries of high flying birds, those of deep divers need further study in order to develop suitable gas exchange models. 
Concluding Remarks
Efficacy of a marine diver is based on the dual adaptations to pressure and hypoxia. This is different from freshwater divers, most of which are basically surface breath-holders. The adaptations manifested for diving to depth range from anatomical modifications of the respiratory system to elevation in muscle oxygen stores. Only recently have models been developed that might explain some of the peculiar anatomical and physiological properties of these animals. No doubt many more are to follow.
We speculate that there are at least two types of deep divers: Those that rely on aerobic metabolism the great majority of the time, and those that often push this limit and make frequent use of anaerobic glycolysis. Weddell and elephant seals fall into the former category. By virtue of their large oxygen stores and size-related low metabolic rate, they are able to conduct most of their daily diving routines while relying very little on anaerobic glycolysis. On occasional dives, however, intense bradycardia and peripheral vasoconstriction will conserve the large blood oxygen store for metabolism by the central nervous system. Anaerobic conditions will eventually prevail in muscle and other peripheral tissues, resulting in lactate accumulation. Sea lions and dolphins, which rely more on speed in their underwater forays, will have higher muscle metabolic demands and therefore shorter time until muscle exhaustion. Consequently, blood oxygen stores have not been enhanced to the level of seals. Furthermore, the oxygen requirements of the large brain of dolphins are an additional handicap that limit the breath-hold tolerance of this group. Finally, penguins with their small brains and massive propulsive muscles have opted for large oxygen stores in the muscle to help maintain rapid swimming while they often push the limits of those stores. By virtue of their mass-related high metabolic rate, they must frequently rely on anaerobic metabolism in the muscle as the oxygen store depletes when they exploit depths that would otherwise be unavailable to them. Emperor and king penguins are the best examples of this strategy.
There are currently few data to support the hypotheses in the previous paragraph, but as we move into the next century, one of the goals of diving physiology should be to determine if there are distinctive oxygen store management strategies among deep divers. Those strategies might be (a) large brain/large circulating stores/large muscle stores for infrequently exceeding their ADL (seals); (b) very large brain/normal circulating stores/moderate muscle stores for seldom exceeding their ADL (dolphins); (c) large brain/normal circulating stores/moderately elevated muscle stores for seldom exceeding their ADL (sea lions, fur seals); and (d ) small brain/normal circulating stores/large muscle stores for frequently exceeding their ADL (penguins). 
